Most proteins present in chloroplasts are synthesized in the cytosol and are posttranslationally translocated into the organelle. A multicomponent translocation machinery located in both the outer and the inner envelope of chloroplasts was identified, but the mode of action of many subunits remains unclear. Here, we describe the regulation of an early step of translocation occurring at the outer envelope. The outer envelope translocon subunit Toc34 can be phosphorylated, and GTP binding is regulated by phosphorylation. In vitro, Toc34 acts as a receptor for proteins containing a chloroplast-targeting signal. Interaction of Toc34 with the transit peptide is highly regulated and depends on GTP binding to Toc34 and on phosphorylation of the transit peptide of the preprotein.
Most proteins present in chloroplasts are synthesized in the cytosol and are posttranslationally translocated into the organelle. A multicomponent translocation machinery located in both the outer and the inner envelope of chloroplasts was identified, but the mode of action of many subunits remains unclear. Here, we describe the regulation of an early step of translocation occurring at the outer envelope. The outer envelope translocon subunit Toc34 can be phosphorylated, and GTP binding is regulated by phosphorylation. In vitro, Toc34 acts as a receptor for proteins containing a chloroplast-targeting signal. Interaction of Toc34 with the transit peptide is highly regulated and depends on GTP binding to Toc34 and on phosphorylation of the transit peptide of the preprotein.
GTP binding ͉ preprotein recognition ͉ chloroplast import ͉ pea ͉ envelope P roteins are translocated over the plastid membranes by a proteinaceous import machinery (1) (2) (3) . The general process of translocation involves the cytosolic sorting of proteins, which have to migrate toward the target membrane, the recognition at the surface of the organelle, and the final hand-over to the translocon. Although the general principles of protein translocation across membranes of different organelles are similar, each translocation machinery reveals unique features. For example, the import apparatus of the two endosymbiotically derived organelles (4), mitochondria and chloroplasts, share the same general structure (3, 5) . However, none of the outer mitochondrial membrane proteins identified to be involved in translocation of preproteins were found to require the interaction with nucleotides. Furthermore, transport of the preproteins from the receptor to the general insertion pore is energy-independent (5). This is distinct from the requirements of protein import into chloroplasts, where two of the subunits of the outer envelope, namely Toc160 (6, 7) and Toc34 (34-kDa translocon at the outer envelope of chloroplast) (8, 9) , interact with nucleotides. In addition, the translocation processes at the outer envelope depend on the hydrolysis of nucleotides (10) (11) (12) (13) (14) . Further, a cycle of phosphorylation͞dephosphorylation of the chloroplast transit sequence regulates its insertion in contrast to the mitochondrial precursor, which will not be modified (2, 5, 15, 16) .
Here, we have investigated Toc34 to study the regulation of a single step in the overall translocation process. Toc34 is in close proximity to the preprotein during import (8) and is associated with the translocation pore Toc75 (9) . Toc34 contains a single transmembrane domain at the C terminus, whereas the Nterminal domain is exposed to the cytosol. The GTP-binding domain of Toc34 is homologous to the GTP-binding side found in the C-terminal part of Toc160 (8, 9, 17) , a further Toc subunit with distinct transit-peptide recognition function (7, 17, 18) .
The GTP-binding property of Toc34 might enable the protein to regulate the translocation process by interaction with Toc160 and Toc75 (9), or it might be a receptor for preproteins (8, 18) , or both. The current evidence would fit both ideas because only crosslinks, but no direct interactions between preproteins and Toc34, have been shown (18) . Crosslinking might be a result of close proximity but not of a direct interaction between both partners.
Here, we present evidence for the physical interaction between Toc34 and preSSU (precursor of the small subunit of ribulose 1,5 biphosphate carboxylase-oxygenase) in vitro in its GTP-bound form, but not in its GDP-bound state. This interaction is regulated in a complex interplay of nucleotide binding and protein phosphorylation. Toc34 can be phosphorylated by a protein kinase present in the outer envelope. This phosphorylation decreases the affinity of Toc34 for GTP and regulates the GTP-dependent interaction with the precursor protein. The interaction between Toc34 and the preprotein is strongly enhanced by phosphorylation of the transit peptide.
Materials and Methods
General. The bacterial strain BL21-DE3 and the overexpression vector pET21d were obtained from Calbiochem-Novabiochem (Bad Soden, Germany Standard procedures, like the purification of the outer envelope of chloroplasts or immunoprecipitation of Toc34, have been described (9) . A protein kinase-containing fraction was partially purified from wheat germ, as described in ref. 15 .
A. The resin was washed with 7.5 ml of buffer A followed by a step gradient of 200, 300, and 400 mM NaCl in 100 mM Na-phosphate, pH 6.6͞20 mM Tris͞5 mM ␤-mercaptoethanol͞1 mM imidazol͞10% glycerol. Toc34 was eluted in 100 mM Na-phosphate, pH 5.6͞20 mM Tris͞500 mM NaCl͞5 mM ␤-mercaptoethanol͞50 mM imidazol͞10% glycerol. The protein was dialysed against buffer, as indicated for every experiment.
Binding of GTP to Toc34. Purified outer envelopes or Toc34⌬TM252-6His in 20 mM Tris, pH 7.5͞120 mM NaCl were incubated with 10 nM [␣-32 P]GTP (3,000 Ci͞mmol) for 15 min at 4°C in 50 l final volume. After incubation, the interaction was fixed by addition of sodium periodat (5 mM final concentration). After 4 min, sodium cyanoborohydride (5 mM final concentration) was added (19) . Finally, the proteins were separated by SDS͞PAGE, and labeling was visualized by autoradiography.
Phosphorylation of Toc34. Purified outer envelopes or Toc34⌬TM252-6His in 20 mM Tris, pH 7.5͞120 mM NaCl͞5 mM MgCl 2 ͞0.5 mM MnCl 2 were incubated for 10 min at room temperature or at 4°C (as indicated) in 50 l final volume with 10 nM [␥-32 P]GTP (3,000 Ci͞mmol) or [␥-32 P]ATP (5,000 Ci͞mmol). Proteins were subjected to SDS͞PAGE without further treatment, and phosphorylation was visualized by autoradiography. Phosphorylated Toc34 was excised from the gel and treated with endoproteinase Glu-C protease as described in refs. 20 and 21.
Immunoprecipitation of the preSSU-Toc34 Complex. preSSU was overexpressed, purified, and phosphorylated as described (15) . The phosphorylated protein was passed over a Talon-MetalAffinity Column (CLONTECH). Labeled fractions were analyzed by TLC on polyethyleneimine-cellulose plates (22) for the absence of radioactive ATP or phosphate. Finally, various amounts of phosphorylated [ 32 P]preSSU were incubated with an indicated amount of Toc34⌬TM252-6His for 15 min at 22°C in 20 mM Tris, pH 7.5͞120 mM NaCl͞1.25 M ATP͞5 mM MgCl 2 in the presence of 1 mM GTP if not indicated otherwise. Binding was determined by coimmunoprecipitation with protein ASepharose (25 l; Amersham Pharmacia) preloaded with Toc34 antibodies. After incubation, the matrix was washed twice with immunoprecipitation buffer (20 mM Tris, pH 7.5͞120 mM NaCl) containing 1% NP-40 and three times without detergent. The protein was eluted by adding SDS-sample buffer and boiling at 95°C for 3 min.
Quantification of the Radioactivity. Phosphorylation or GTP binding of Toc34⌬TM252-6His or outer envelope Toc34 was quantified by dissolving the dried SDS͞PAGE gel slices in 30% H 2 O 2 and 60% HClO 4 for 16 h at 60°C followed by scintillation counting. Data were presented by using SIGMA PLOT 5.0 (SPSS, Chicago). The binding between Toc34 and preSSU was analyzed by Skatchard plot analysis (23) .
Results
Expression and Purification of Toc34⌬TM252. Toc34 is a chloroplastic outer envelope protein containing a single transmembrane domain at its C terminus (8, 9) . To express the protein in a soluble form and to avoid denaturation during purification (9, 24) , the cDNA coding for Toc34 was truncated, resulting in expression of the cytosolic nucleotide binding domain of Toc34 only. Toc34⌬TM252-6His was synthesized with high yields after induction with isopropyl-␤-D-thiogalactopyranoside (Fig.  1A , compare lanes 1 and 2). The soluble protein was purified close to homogeneity by affinity chromatography on a Talonmetal matrix ( Fig. 1 A, lane 3) . The purified polypeptide was identified as the truncated form of Toc34 protein by immunoreaction with antibodies ( Fig. 1 A, lane 4) raised against the full-length protein (9) .
To demonstrate a functional similarity between Toc34⌬TM252-6His and wtToc34 present in outer envelope, we compared the GTP-binding ability of both proteins (8, 9) . Both proteins recognized GTP in the presence of Mg (9) and will be discussed in a later section.
Phosphorylation of Toc34. The outer envelope contains distinct GTP and ATP kinases that phosphorylate different proteins of the outer envelope, for example, a 32.5-kDa protein (value extrapolated from running behavior on SDS͞PAGE in ref. 25) . We asked whether this 32-kDa protein might be Toc34. We observed the same phosphorylation pattern as described (compare in ref. 25 , Fig. 2 , lanes 11 and 12 and this report, Fig. 2A , lanes 2 and 4). Immunodetection and immunoprecipitation with Toc34 antibodies revealed that Toc34 was indeed phosphorylated by both ATP and GTP ( Fig. 2 A, lanes 3 and 5). We conclude that the earlier described 32.5-kDa protein (25) is Toc34. Toc34⌬TM252-6His also was phosphorylated with high efficiency independent of the type of nucleotide present when incubated with outer envelope membranes (Fig. 2B, lane 3) . The phosphorylated 24-kDa protein ‫)ء(‬ is an unidentified protein in the outer envelope membrane (compare Fig. 2 A, lane 2 and Fig.  2B , lane 2) and preferentially phosphorylated by an ATPdependent kinase. Toc34⌬TM255-6His also could be phosphorylated by a partially purified protein kinase fraction from wheat germ (Fig. 2B, lane 4) . Phosphorylation by wheat germ extract (15) is nucleotide-specific for ATP. Limited proteolysis (20) of the Toc34⌬TM255-6His phosphorylated either by the kinase present in the outer envelope or by the kinase-enriched wheat germ fraction using endoproteinase Glu-C revealed an identical pattern of labeled peptides (Fig. 2C, lanes 2 and 3) , suggesting that both kinases phosphorylate the same sites of Toc34. 
GTP Binding of Toc34 Is Regulated by Phosphorylation.
To investigate the effect of phosphorylation on GTP binding of Toc34, we tried to experimentally separate both processes. Whereas the binding of GTP to Toc34 was hardly altered in the range between 4°C and 25°C (Fig. 3A , compare lanes 5 and 6, and data not shown), the phosphorylation dropped by a factor of four when the temperature was shifted from 25°C to 4°C (Fig. 3A) . This difference in temperature sensitivity between phosphorylation and GTP binding was used as a tool to study the role of phosphorylation on GTP binding. The binding of GTP to Toc34⌬TM255-6His was reduced drastically at 25°C in the presence of ATP and the protein kinase-enriched wheat germ fraction (Fig. 3B, lanes 1 and 2) , but was not altered by the presence of ATP only (see Fig. 1B Lower, lanes 1 and 5, and data not shown). To distinguish whether GTP binding was affected by the phosphorylation of Toc34 or by the presence of the kinase fraction, the GTP-binding experiment was performed at 4°C, where phosphorylation is strongly reduced (Fig. 3A, lanes 1 and  2) . The presence of the kinase fraction did not alter the ability of the overexpressed Toc34⌬TM255-6His to recognize GTP at 4°C (Fig. 3B, lanes 1 and 3) . We conclude that the reduction of GTP binding depends on the phosphorylation of Toc34. We then incubated outer envelopes with GTP at 4°C and 25°C, respectively (Fig. 3B, lanes 4-8) to test whether wtToc34 present in outer envelopes has the same properties as the overexpressed protein. GTP binding was almost abolished in the presence of 1 M ATP at 25°C, where phosphorylation occurred, but not at 4°C (Fig. 3B, lane 4 and 5) .
The earlier experiments had shown that GTP binding of Toc34 increases in the presence of 1 mM ATP (Fig. 1B, lane 5, and ref.  9 ). This effect is not seen for Toc34⌬TM255-6His (Fig. 1B, lane  5) or at 1 M ATP (Fig. 3B, lane 5) . One possible explanation for this effect could be that Toc34 might be dephosphorylated in an ATP-dependent manner by a phosphatase present in the outer envelope membranes. Consequently, addition of higher amounts of ATP would result in dephosphorylation and therefore in a stimulation of GTP binding. Phosphorylation of wtToc34 by low amounts of ATP occurred rapidly and remained stable for 30 min (Fig. 3C, control) . In the presence of 1 mM ATP, the amount of phosphorylated protein was drastically reduced after 30 min (Fig. 3C, 1 mM ATP) . In contrast, when NaF was used to block the phosphatase activity (26) , no reduction but a slight increase of phosphorylated Toc34 was observed (Fig. 3C, 1 mM ATP ϩ NaF). This supports the hypothesis that an ATP-dependent phosphatase is present in the outer envelope.
The increase of GTP binding by wtToc34 after addition of ATP did not depend on the temperature (Fig. 3B, lanes 6 and 7) but on the concentration of ATP (Fig. 3B, lanes 5 and 6) , leading to the interpretation that the K m for ATP of the phosphatase is significantly higher then the K m of the kinase. The phosphatase might be involved in regulation of the nucleotide binding of Toc34, because addition of NaF at 4°C and 1 mM ATP resulted in the same GTP-binding efficiency as in the presence of 1 M ATP (Fig. 3B, lanes 4 and 8) . The reduction of GTP interaction was not an effect of the increased salt concentration, because an increase of the NaCl concentration to 200 mM did not influence the specific interaction of Toc34 with GTP (data not shown). Therefore, Toc34 present in purified outer envelope membranes already might be partially phosphorylated, when isolated from intact chloroplasts. ATP-dependent dephosphorylation in our experiments then would result in an increase of GTP binding. We conclude that a cycle of phosphorylation and dephosphorylation of Toc34 regulates the GTP-binding properties.
Interestingly, the in vitro inhibition of GTP binding of wtToc34 can be observed by phosphorylation in an ATP-and GTPdependent manner (Fig. 3D, lanes 1-3) .
Toc34 Complexed with GTP Recognizes Specifically Phosphorylated
Preprotein. So far, the results indicate that binding of GTP to Toc34 is regulated by phosphorylation. However, it is still unknown which process might be regulated by the GTP-binding cycle. Toc34 was shown to crosslink to the preprotein preSSU (18) . Therefore, Toc34 might act as a receptor. Different precursor proteins are phosphorylated within their targeting sequence (15), one of which, [ 32 P]preSSU, was used to investigate whether Toc34 binds to preproteins. As shown in Fig. 4A , Toc34⌬TM255-6His interacts with [ 32 P]preSSU (lane 2), and this interaction is drastically enhanced in the presence of GTP (lane 4) but strongly decreased in the presence of GDP (lane 5). The mature protein SSU is not recognized by Toc34 (not shown). Because Toc34 is a membrane-anchored protein, the structure of the cytosolic domain might be influenced by the lipid surface. To mimic the hydrophobic environment, the above experiment was repeated in the presence of 5 mM dodecylmaltoside, a detergent that was found to stabilize the Toc complex after isolation (E.S., unpublished observation), but no difference in the binding behavior could be observed (data not shown).
To address the question whether phosphorylation of the preprotein alters the interaction with Toc34, different peptides representing different parts of the preSSU transit peptide were tested to compete against the interaction between Toc34 and [ 32 P]preSSU. The peptides A1 and B1 are identical, except that B1 is phosphorylated. The peptide E2 represents a C-proximal portion of the preSSU-targeting signal. Addition of the non- phosphorylated peptides E2 and A1 had only a minor effect on the interaction between Toc34⌬TM255-6His and [ 32 P]preSSU (Fig. 4B) . However, the same concentration of phosphorylated peptide B1 was able to largely disrupt the complex (Fig. 4B,  compare lanes 1 and 4) . To exclude that the mature portion of the preprotein influences the binding behavior of the phosphorylated precursor to Toc34, competition experiments were performed in the presence of heterologous preSSU. (Fig. 4C) . This dissociation constant is about 3 orders of magnitude lower than the dissociation constant described for the mitochondrial preprotein receptor humanTom20 and preornithyl carbamyltransferase (27) . This suggests a nucleotide or phosphorylation-regulated release of the preprotein from the Toc34 protein.
The Interaction Between Toc34 and a Precursor Protein Is Regulated
by GTP͞GDP Binding and Phosphorylation. GTP induces the high-affinity interaction between nonphosphor ylated Toc34⌬TM255-6His and phosphorylated preSSU (Fig. 4A) . Further, the GTP binding is regulated by phosphorylation (Fig.  3) . We therefore asked whether the recognition of preSSU by Toc34 is influenced by phosphorylation as well. Binding of [ 32 P]preSSU to phosphorylated Toc34⌬TM255-6His was at least 4-fold decreased in comparison to the binding to nonphosphorylated Toc34. This decrease did not depend on the presence of GTP (Fig. 5A, compare lanes 1 and 2 with lanes 3 and 4) . However, when phosphorylated Toc34 was incubated with GTP, binding of [ 32 P]preSSU was higher than in the absence of GTP. This is probably because of incomplete phosphorylation of Toc34⌬TM255-6His in vitro (Fig. 5A, compare lanes 2 and 4) .
[ 32 P]preSSU will not bind to Toc34 in the presence of GDP (Fig. 4A, lane 5) . We wanted to assess the influence of a GTP͞GDP exchange on the preSSU-Toc34 complex. Complex formation was initiated under GTP conditions (Fig. 5, lane 5) . GTP exchange was induced by the addition of 10 mM GDP or ADP, respectively. Although the addition of GDP induced a large release of the preprotein from Toc34, ADP had only a slight effect (Fig. 5, lane 6 and 7) . We conclude that a GTP͞GDP cycle can regulate precursor binding and release from Toc34.
Discussion
Major components of the translocation machinery for protein import into chloroplasts have been identified. It is now important to define the function of the individual components and to gain insights into their mode of action. Therefore, we overexpressed Toc34 with a deletion of the transmembrane domain, which resulted in the expression of a soluble polypeptide. The overexpressed protein has similar GTP-binding properties as the wild-type protein in situ (Fig. 1 ). Toc34 has a specific binding site for guanosine nucleotides within the cytosolic domain because the interaction with GTP was competed for by GTP and GDP, but not by ATP. We did not observe a GTPase activity of Toc34 under the conditions used (N.S. and E.S., unpublished observations). This result leads to two possible explanations: Toc34 could be regulated by GTP͞GDP exchange or binding, but not by the hydrolysis of GTP. Alternatively, a cytosolic or membrane-located cofactor could stimulate GTP hydrolysis (28) (29) (30) , but was absent in the reconstituted experiments described here.
Earlier reports have demonstrated that not only GTP binding by the receptor components but also the phosphorylation of the transit peptide influenced the import reaction (14, 15, 17) . Further, many proteins of the outer envelope are phosphorylated by protein kinases present in the envelope (25) , one of them being Toc34 (Fig. 2) . The overexpressed Toc34⌬TM255-6His also is phosphorylated by an envelope-attached kinase in an ATP-or GTP-dependent manner. A soluble protein kinase fraction from wheat germ could phosphorylate Toc34 with high efficiency, but only in the presence of ATP (Fig. 2) . The wheat germ fraction most likely contains more then one active kinase (T. May and J.S., unpublished observations) but could be used as a tool in this study, because we observed an identical labeled fragmentation pattern of Toc34 phosphorylated either by the kinase present in the outer envelope or in the wheat germ fraction (Fig. 2) .
In general, phosphorylation regulates protein action, interaction, or degradation (31-33). As indicated here, the phosphorylation of Toc34 regulates the binding of GTP (Fig. 3) . The interaction between the translocation complex subunit Toc34 and GTP might have two distinct regulative functions: (i) it could influence the stability of the import complex, or (ii) it could regulate the interaction with preproteins. The first function is hard to determine because only three proteins of the outer envelope have been identified so far as being involved in translocation (2, 3) , and other still unidentified components are expected. Using the three known proteins as marker, no clear dependence of the stability of the Toc complex on the concentration of GTP was observed (E.S., unpublished observation). For the later function, we first had to demonstrate that Toc34 physically interacts with a preprotein. Several crosslinking studies (8, 18) provided initial evidence that Toc34 might recognize preproteins, however, it could not be excluded that this was because of the close proximity between the preprotein and Toc34. Here, we show that Toc34 acts as a receptor by specific interaction with the transit peptide (Fig. 4) . The affinity of the receptor is drastically increased in the presence of GTP. Therefore, the binding of GTP might be necessary in vivo for interaction between Toc34 and the transit peptide. However, crosslinks between Toc34 and the transit peptide were achieved only in the absence of hydrolysable nucleotides when intact chloroplasts were used (18) . This finding might be explained by a nucleotide-stimulated release of the precursor from Toc34 because the transfer of the preprotein from Toc34 into the translocation pore was found to be GTP-dependent (14) . Further, the nucleotide dependence of Toc160 and Toc34 cannot be separated in the performed in situ experiments (18) , and the presence of the ATP-and GTP-dependent preprotein receptor Toc160 might influence the preprotein release from Toc34 in a nucleotide-dependent manner (for review see ref.
2). Therefore, the absence of hydrolysable nucleotides might be essential to rescue the transit peptide on the receptor Toc34 in situ. The low binding affinity observed in the absence of nucleotides (ref. 18 and Fig. 4 ) is consistent with this interpretation. In contrast to the low binding affinity in the absence of GTP, the affinity for the phosphorylated preprotein was found to be very high (K d ϭ 0.1 nM) in the presence of 1 mM GTP. Even although Toc34 can recognize preSSU in a nonphosphorylated state, the affinity was found to be lower than for the phosphorylated protein (Fig. 4 Inset). In addition, only a phosphorylated targeting signal peptide was able to dissociate the Toc34 [
